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Abstract 
In order to model the extrusion textures of alloy AZ31 at high temperatures, a new dynamic recrystallization (DRX) model is 
developed and integrated into polycrystal plasticity model as a contributor to texture development and softening behaviors. 
New grains are allowed to nucleate and give birth to new recrystallization grains, which enables the dominant aspects of the 
DRX to be simulated. In so doing, the investigation of DRX behaviors becomes less dependent of experiments. The initial 
orientations of new grains are determined by making assumptions and eliminating the false ones by verifications. Therefore, the 
deformation textures at high temperatures are simulated based on a reliable hypothesis and show good agreement with 
published experiments. Furthermore, finite element model (FEM) with Eulerian adaptive meshing approach is used to simulate 
the extrusion process at high temperatures with isotropic material properties assumed. History strains are tracked by tracers 
flowing through the Eulerian domain and used as input when simulating extrusion textures.  
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1. Introduction 
DRX is a phenomenon liable to happen when the alloy is deformed at high temperatures, which materially 
affects the workability and anisotropy of the alloy. However, none of the existing modeling works of hot extrusion 
(Biswas et al., 2011; Mayama et al., 2011) takes the DRX effects into account. Although some researchers(Walde 
and Riedel, 2007) claimed that recrystallization grains inherit their orientations from the parent grains and do not 
lead to significant texture change, the DRX accompanied by deformation is quite different from the static 
recrystallization during annealing. DRX mechanisms have been proposed in (Ion et al., 1982; Sitdikov and 
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Kaibyshev, 2001), and none of these literatures notes that the orientations of new grains are strictly coincident with 
those of parent grains. In addition, texture randomization caused by DRX during hot compression of alloy AZ31 
has been reported in Al-Samman's experimental study(Al-Samman and Gottstein, 2008). Therefore, the 
uncertainties of the DRX textures cannot be ignored in texture simulation of hot extrusion process. 
Unfortunately, the study of coupling DRX models with crystal plasticity modeling is still in its infancy. The 
existing method for simulating primary static recrystallization(Raabe and Becker, 2000) is not suited for the hot 
extrusion case where deformation is accompanied with DRX. Inspired by the approach used in Agnew's 
work(Agnew et al., 2013) which simulates the hardening effects of precipitate with EPSC model by including a 
volume fraction of pure elastic inclusions within the aggregate, the softening effects of DRX in current study is 
realized by including a volume fraction of elasto-plastic inclusions that are more “soft” than the matrix. The 
advantages of this method are: (i) new grains can nucleate continuously with the deformation, and (ii) textures and 
softening behaviors of the aggregate can be simulated simultaneously. 
2. Experimental 
Magnesium alloy AZ31 was used throughout current experiment investigations and modeling works. Hot uni-
axial compression tests were carried out to capture the plasticity response and DRX behaviors of the alloy at high 
temperatures. Cylinder samples ()10 mm, 15 mm) were prepared and compressed to a maximum strain of 1.0 over 
a range of temperatures and strain rates, which are presented in Table 1.  
        Table 1. Parameters of hot uni-axial compression test. 
Strain rate (s-1) Strains 
573K 623K 673K 
0.01 1.0 1.0 1.0 
0.1 1.0 1.0 1.0 
1.0 1.0 1.0 1.0 
 
Hot forward extrusions with extrusion ratio of 15 were carried out. After being preheated to 673K and holding 
for 2 hours, cylinders measuring 100mm in diameter were extruded at 673K with ram speed 2mm/s. The extruded 
rods were then quenched into water to prevent further microstructure evolution. Specimens for texture experiments 
were cut from the transverse sections of the extruded rods. The overall crystallographic orientation was evaluated 
via X-ray diffraction (XRD) using a Siemens D-500 X-ray diffractometer.  
3. Numerical 
3.1. FE modeling of extrusion process 
Forward extrusion is commonly simulated by FEM with Lagrangian description. The entire workpiece is 
discretized using Lagrangian meshing technique so that the shape of mesh always represents the real geometry of 
material. Although this method has the advantage that the deformation history of mesh is strictly consistent with 
that of the material, it still suffers from a major shortcoming that the mesh is vulnerable to excessive distortion. Fig. 
1(a) and Fig. 1(b) show an extrusion case that failed to run to completion due to excessive distortion of Lagrangian 
mesh. As an alternative approach, Eulerian description is enabled to produce better results. By using Eulerian 
adaptive meshing technique, the mesh only describes the steady state of the extrusion and deviates from the 
material from the very beginning of simulation. In so doing, the mesh geometry only undergoes a little overall 
deformation due to the adaptive meshing effects. As shown in Fig. 1(c) and Fig. 1(d), the geometry of the billet 
remains unchanged throughout the whole simulation with Eulerian adaptive meshing technique used. Note that the 
steady state of forward extrusion process is allowed to be modeled by defining an inflow speed of 2mm/s instead 
of putting a ram against the billet. To model the stickiness between container and material at high temperatures, a 
Coulomb friction model with coefficient 0.25 is applied. Isotropic material property is assumed here and true stress 
– true strain curves at 673K in Fig.2 are used to describe the constitutive relationship in the extrusion simulation.  
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Fig. 1. Comparison of Lagrangian description and Eulerian description in modeling forward extrusion. (a) undeformed and (b) deformed mesh 
geometry with Lagrangian meshing approach. (c) undeformed and (d) deformed mesh geometry with Eulerian meshing approach.  
3.2. Polycrystal plasticity model 
The texture simulations are performed using the elastoplastic self-consistent (EPSC) model based on the 
Eshelby equivalent inclusion formalism (Eshelby, 1957). The polycrystal is represented as a collection of crystal 
orientations, and each single grain is treated as an ellipsoidal inclusion embedded within an infinite homogeneous 
effective medium (HEM) subjected to a uniform applied stress. The relationship between the strain rate and stress 
rate with the inclusion and the surrounding aggregate is given by 
 : ( )Ȉ L D Dı     , (1) 
where ı  denotes the stress rate within the inclusion and Ȉ  stands for the average value with the HEM as a whole. 
The effective stiffness tensor, L , is defined by 
 1
4
: ( )tL L S I   , (2) 
where tL  is the overall instantaneous elasto-plastic stiffness tensor, 
4
I  the forth-order identity tensor, and S  the 
Eshelby tensor, which is related to the shape of the ellipsoid. The contribution of twinning to the texture evolution 
is treated according to the predominant twin reorientation (PTR) scheme (Tomé et al., 2000). A voce type 
hardening law is used to model the hardening behavior of each individual deformation mechanism within each 
individual grain orientation (Agnew et al., 2001). 
3.3. DRX 
A DRX scheme is built into the EPSC framework to ensure that the deformation texture can be simultaneously 
modeled along with softening behaviors at high temperatures.  
(1) Nucleation sites can be provided either by original grains or by new grains formed in the last few steps. 
Detect whether the strain within the parent gain is greater than the critical strain. The birth of new grains is not 
permitted if this condition is not satisfied; 
(2) Calculate the percent increase in recrystallized volume fraction and nucleate numbers of new grains for 
current step using the following equation  
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(3) Assign properties to each new DRX grains, including crystallographic orientations and hardening features. 
The new DRX grains are assumed to be stress-free within the boundaries, and, therefore, the CRSS values for them 
are set equal to original CRSS values of parent grains at the first straining step.  
(4) Take into account the new DRX grains when performing EPSC algorithm. Update the stress and move on 
to the next straining step once convergence of iteration has been reached. 
(a) (b) (c) (d) 
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4. Results and discussion 
4.1. DRX behaviors 
To make sure that the model is physically reliable, DRX behaviors of AZ31 magnesium alloy is experimentally 
investigated at first. The true stress – true strain curves obtained from uniaxial compression tests over a range of 
temperatures and strain rates are shown in Fig. 2. Theoretically, DRX is associated with energy storage and its 
dissipation rate. Its onset is indicated by the critical strain, cH , which is close to and smaller than the peak strain, 
pH  and can be mathematically determined by  
     ,0, dd TT VV V H HTw ww w   . (4) 
The stress decreases with a rate that declines with the increasing strain after peak strain, which indicates that the 
softening is getting saturated. The point where the softening rate reaches a maximum is referred to as saturation 
strain, sH , which can be obtained by   0TH Hw ww w  .  Critical strains, peak strains and saturation strains at different 
strain rates and temperatures are presented in Table 2.  
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Fig. 2 True stress – true stain curves obtained from uniaxial compression test at different temperatures and strain rates of (a) 0.01s-1, (b) 0.1s-1 
and (c) 1.0s-1. 
 
Table 2. Peak stains, critical strains, and saturation strains determined for different strain rates and temperatures. 
Strain rate 
Peak strain Critical strain Saturation strain 
573K 623K 673K 573K 623K 673K 573K 623K 673K 
0.01s-1 0.283 0.299 0.204 0.086 0.086 0.063 0.577 0.593 0.495 
0.1s-1 0.334 0.255 0.223 0.144 0.061 0.046 0.396 0.548 0.455 
1s-1 0.364 0.260 0.225 0.056 0.061 0.058 0.653 0.527 0.356 
4.2. Determination of initial orientations of DRX grains 
Initial orientations of DRX grains are determined by making assumptions and eliminating the false ones by 
verifications. In the hypothesis I (Fig. 3(b)), the initial Euler angles of new grains are simply taken to be the same 
as that of parent grains. Hypothesis II assumes that an Euler angle 2M  is generated by rotation around c-axes at the 
birth of DRX grains (Fig. 3(c)). A more complicated case is allowed for in hypothesis III which assumes that the 
orientations of new grains at birth are randomized such that three brand new Euler angles are generated (Fig. 3(d)). 
Although this randomization effect during DRX is not generally accepted, it has been reported in Al-Samman’s 
work(Al-Samman and Gottstein, 2008). Based on these hypotheses, hot compression textures at 623K and strain 
rate 0.1 s-1 and strain up to 1.0 are simulated and compared with experimental results to evaluate whether the 
assumption is reasonable. CRSS values of AZ31 alloy at 623K proposed in Walde’s work (Walde and Riedel, 2007) 
are applied to perform the texture simulation. Texture simulation using the hypothesis III is found unable to 
reproduce the experimental inverse pole figures (Fig. 4(d)). Although the peak texture component appears at 
<00.1> poles, the distribution of basal poles spreads toward <11.0> poles. Therefore, the possibility for the  
hypothesis III to play a dominant role in nucleation of DRX grains is eliminated. It becomes difficult to decide 
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which one is the predominant mechanism between the remaining two hypotheses depending on the simulated 
textures alone. Both hypotheses can produce textures with peak intensity at <00.1> poles, and little difference can 
be found between the textures shown in Fig. 4 (b) and Fig. 4(c). The lattice rotation around c-axis of new grains 
assumed in the hypothesis II brings little weakening effects to the intensity of basal poles, and hence cannot be 
eliminated as false. Therefore, the formation of fiber texture does not depend on the rotations around c-axis, but 
rather on the initial orientations of basal poles of new grains. 
 
Fig. 3. Different hypotheses on the orientations of new recrystallized grains. (a) Unit cell of parent grain, (b) hypothesis I: orientation of DRX 
grain remaining unchanged with respect to parent grain; (c) hypothesis II: DRX grain keeping c-axis aligned with that of parent grain while 
taking rotations about its basal pole, and (d) hypothesis III: DRX grain reoriented with randomized Euler angles. 
 
(a)            (b)  (c) (d)  
Fig. 4. Measured and predicted inverse pole figures using hypotheses from the compression axis direction showing the distribution of basal 
poles of alloy AZ31 after deformation at 623K and 0.1s-1 strain rate up to final true strain  =-1.0. (a)Experiment; (b) Hypothesis I; (c) 
Hypothesis II; (d) Hypothesis III. 
4.3. Determination of material parameters 
Table 3.  Best-fit Voce parameters and DRX parameters for describing the high temperature mechanical behaviors of alloy AZ31 
Given that the initial orientation of new grains is determined, the material parameters can now be determined 
more stringently. The c-axes of new grains are assumed to be collinear with parent grains and lattice rotations 
around c-axes are permitted when nucleation occurs. By fitting the simulated stress - strain curves against the 
experimental ones, the Voce hardening parameters can be determined along with softening parameters involved in 
Avrami equation. The best-fit material parameters for compression stress - strain curve at 673 K are presented in 
Table 3 and Fig. 5.  
4.4. Texture simulation for hot forward extrusion 
The history strains including direct components and shear strain components associated with the tracer particle 
is used for the texture simulation of the hot forward extrusion at 673 K. As shown in Fig.6, the strain component 
labelled 33H  (along the extrusion direction) is positive while the other two direct components along the radial 
direction of the extruded column stay negative and equal in magnitude throughout the period. The shear 
components are much lower in magnitude compared with normal components. The strain analysis by tracer 
particles here strongly supports the results reported by Mayama (Mayama et al., 2011); that is, the material flowing 
through the central extrusion column is subject to a boundary condition that approximates equi-biaxial 
T=673K 
Deformation mode 
Voce parameter 
Ĳ0 (MPa) Ĳ1 (MPa) ș0 (MPa) ș1 (MPa) 
Basal 2.8 3 15 0.001 
Prismatic 3.3 3.5 22 0.001 
<c+a> 15 16 22 0.001 
Tensile twinning 5.1 0 11 11 
 DRX parameter 
 Hc Hc k n 
 0.046 0.455 0.7 1.1 
11.0 
10.0 00.1 
11.0 
10.0 00.1 
11.0 
10.0 00.1 
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compression state. The history strains are discretized to straining steps when applied to the polycrystal plasticity 
computation for texture simulation. The simulated extrusion textures are presented in Fig. 7 along with the 
experimental extrusion textures. It can be found that the dominant features of the experimental textures are 
correctly predicted. The (0002) poles of the grains are aligned perpendicular to the extrusion axis and distributed 
essentially uniform around the perimeter. The formation of this texture can be attributed to the predominant role of 
basal slip during the deformation. 
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Fig. 5. Simulated and experimental 
compression curves for uniaxial compression 
at different temperatures and a strain rate of 
0.1s-1. 
Fig. 6. Variation of strain components 
tracked by the tracer particle during the 
extrusion process (ER=15) at 673 K. 
Fig. 7. Experimental and predicted textures 
of alloy AZ31 after round extrusion at 673K. 
5. Conclusions 
A DRX scheme is developed, verified, and integrated into the EPSC framework to simulate the deformation 
textures and stress - strain behaviors at high temperatures. The initial orientations are determined first by 
performing simulation trials with several plausible hypotheses, and then eliminating the false assumptions by 
verifications. Therefore, reasonable hypothesis on initial orientations of new grains can be obtained without relying 
heavily on microstructural observations. From a simulation point of view, it is impossible for all of the DRX grains 
to have their basal poles randomly oriented during their formation, whereas the lattice rotations around c axes are 
possible when the basal poles of new grains are initially kept aligned with that of parent grains. Based on this 
hypothesis, hot extrusion texture of round rod can be well predicted.  
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